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INTRODUCTION
Exercise is an important exposure variable acting to enhance the toxic effects of inhaled pollutants. Exercise increases minute ventilation and inhaled dose rate and is likely to extensively modify the internal dose distribution of inhaled toxicants. It is a common observation in exercise studies that toxic effects of inhaled compounds can be observed at considerably lower concentrations in exercising as opposed to resting exposures (DeLucia and Adams, 1977; Folinsbee et al., 1978; McDonnell et al., 1983; Adams and Schlegele, 1983; Mautz et al., 1985a) .
Respiratory tract injury by air pollutants can also be modified by interactions when other compounds are inhaled in a mixture. Pulmonary biochemical and morphological changes induced in rodents by ozone (O 3 ) or nitrogen dioxide (NO 2 ) inhalation have been reported to be enhanced by the presence of acidic aerosols as copollutants (Last et al., 1983 (Last et al., , 1984 (Last et al., , 1986 . Other studies have demonstrated synergistic interactions between inhaled O 3 and H 2 SO 4 using allergic sensitization and resistance to bacterial infection as end points (Gardner et al., 1974; Osebold et al., 1980) . The combination of O 3 and NO 2 also shows evidence of synergism in producing biochemical alterations in lung tissue and depressing resistance to bacterial infection (Goldstein, 1976; Mustafa et al., 1984; Graham et al., 1987) . While the mechanisms underlying these interactions are as yet poorly known, it is clear that interactions between air pollutant compounds in mixtures are potentially important in the evaluation of toxicity of these compounds.
Possible toxic interactions between O 3 and formaldehyde (HCHO) have not been examined. While the acute toxic effects of the oxidants, O 3 and NO 2 , occur in lung tissues, HCHO primarily affects epithelial tissues of the upper respiratory tract Buckley et al., 1984; Morgan et al., 1986a,b; Maronpot et al., 1986) . This is likely the consequence of relatively high aqueous solubility and preferential deposition of HCHO in the nasal cavity (Egle, 1972; Heck et al., 1983) . The presence of oxidants could, however, modify HCHO effects in the nasal cavity through either chemical or physiological mechanisms.
In view of the broadly potentiating effects of exercise on responses to single inhaled pollutants, we investigated the effects of exercise exposure on interactions between O 3 and NO 2 and between O 3 and HCHO. Rats were exposed at rest and during exercise to these compounds alone and in combination, and the effects on respiratory tract tissues were quantified for analysis of interactions between exposure variables.
MATERIALS AND METHODS

Animals and Exposure Systems
Experimental subjects were male barrier-reared Sprague-Dawley rats (Hilltop Laboratory Animals, Inc., Scottsdale, Pa.). Rats were shipped in filter barrier containers, and housed at the laboratory in a laminar-flow air barrier caging system using high-efficiency particle filters and KMNO 4 on alumina (Purafil, H. E. Burroughs, Inc.) filters. Rats were received at age 6 wk and held for 1 wk before exposure. Ten percent of the rats in each shipment were autopsied immediately to verify that the animals were free from lung disease. In experiments involving exercise exposure, rats were trained to achieve an exposure exercise capability of running at 15 m/min at 20% grade for 3 h. Training on d 1 was continuous running for 3 h at 8 m/min, 20% grade; d 2 was 30 min running at 15 m/min 20% grade alternating with 5 min rest for 2.9 h; and d 3 was continuous running for 3 h at 15 m/min, 20% grade. Training was designed to acquaint the rats with the treadmill and to ensure that they could complete the exposure protocol. Trained animals were randomly assigned to experimental groups.
Exposures of rats at rest were conducted in 1-m 3 stainless steel chambers (Walters et al., 1982) . Rats were held in nose-only exposure tubes. Exercising exposures were performed in a Quinton 42-15 rodent treadmill modified to contain the exposure atmosphere delivered from the 1-m 3 chamber (Mautz et al., 1985a,b) . Rats exposed during exercise ran at 15 m/min, 20% grade for 3 h, and this exercise level raised metabolic gas exchange by a factor of about two over resting metabolism (Mautz et al., 1985a,b) .
Pollutant Exposures
Exposure experiments with a single batch shipment of rats aged 7 wk were limited to 4-5 treatment groups, and it was not possible to include all combinations of single and mixed pollutant exposures at both rest and exercise in a single experiment. Therefore, five exposure experiments were performed to test a restricted set of treatment effects. Exposure atmospheres were generated by mixing pollutants with purified air. Outdoor air was compressed to 100 psig with a liquid water ring compressor (Nash Engineering Co., Norwalk, Conn.), then filtered through a bed of KMNO 4 on alumina, a Del-Monox gas scrubbing filter (Deltech, Newcastle, Del.), and, after decompression, through a HEPA (high-efficiency particle absolute) air filter. Air was then humidified by injection of water vapor to 40 ± 2% or 85 ± 2% relative humidity. Test gases were injected into the air stream, which then passed through a conical diffuser-mixer (Walters et al., 1982) and to the 1-m 3 exposure chamber.
Ozone was generated from medical-grade oxygen passed through an electrostatic discharge O 3 generator (Sander Ozonizer, Type III, Osterburg, West Germany), and NO 2 was metered into the air stream from a compressed gas cylinder (1% NO 2 in nitrogen). Formaldehyde was produced by passing dry N 2 through a bed of paraformaldehyde maintained at 60°C and then metering the vapor into the air stream. Exposure concentrations were monitored from flurocarbon or stainless steel sample lines placed in the rats' breathing zone either in the exposure chamber or in the treadmill (Mautz et al., 1985a) . Because pollutant mixtures could involve chemical reactions of constituents, generation of test compounds was controlled to support target concentrations at the breathing zone of the exposed animals. Ozone was measured by ultraviolet spectrophotometry (Dasibi model 1003-AH, Dasibi Environmental Corp., Glendale, Calif.), and NO 2 was measured with a chemiluminescent detector (Monitor Labs 8840, San Diego, Calif.). Formaldehyde was collected into solution using midget impingers and analyzed using a chromotropic acid colormetric method (Altshuller et al., 1961; Katz, 1977) .
Mixtures of O 3 with NO 2 and with HCHO were sampled for the possible formation of oxidation products HNO 3 and formic acid (HCOOH) during the 2.5-min passage time between gas mixing and exposure of rats. Vapor-phase HNO 3 was analyzed in the rat breathing zone by collection onto a nylon filter (Membrane Nylasorb) preceded by a 1-|xm pore size fluorocarbon particle filter (Gelman Zefluor). Filters were extracted in distilled water and analyzed for NO 3~ and HCOO~ with an ion-exchange chromatograph (Dionex Model 10, Sunnyvale, Calif.).
Histopathology
Acute exposure to oxidants results in lung tissue injury and an inflammation repair process that is revealed as focal lesions in terminal bronchioles and alveolar regions (Evans, 1984; Bils and Christie, 1980) . At 18 or 48 h after a single 2-to 4-h O 3 exposure, scattered centriacinar units in the alveolar (parenchyma!) zone of the lung develop are infiltrated by macrophages in response to death of alveolar epithelial cells. One or more adjacent involved centriacinar units appear as a discrete inflammatory focus surrounded by otherwise normal parenchymal structures. These focal inflammations are referred to as lesions because they represent sites of lung injury with cell killing and repair. The lesions differ in numbers and types of infiltrating cells, and the extent of lung injury can be quantified morphometrically as described by Mautz et al. (1985b) . Rats were anesthetized 48 h post exposure with sodium pentobarbital (250 mg/kg) and killed by exsanguination. The trachea and lungs were removed and fixed by airway perfusion with 10% neutral buffered formalin at 30 cm fluid pressure for 72 h (McClure et al., 1982) . The volume of the fixed right middle lobe was measured by displacement and the lobe was cut along the center line of the lobar bronchus. A block consisting of half of the lobe was embedded in paraffin, sectioned at 6 fjtm, and stained with hematoxylin and eosin. The use of one half of the right middle lobe as the tissue sample from each rat is based on preliminary quantitative evaluation of the volume density of inflammatory lesions in all lobes of lungs from rats exposed to a range of O 3 concentrations (Mautz et al., 1985b) . Variation among sections within a lobe and among lobes was small compared to variation among animals and among pollutant treatment groups. The volume density of the lung parenchymal region (excluding major vessels and bronchi) in a section of the lobe was measured using a dissecting microscope and a 100-square ocular grid at a magnification of 12.5 in a systematic scan of the entire section. Each grid division was regarded as a "point" in the morphometric approach described by Cruz-Drive and Weibel (1981) . On the low-power scan, the section was evaluated only for the number of points represented by parenchyma or nonparenchyma (major vessels and bronchi). The section was then systematically examined at a magnification of x100 using an ocular grid; at this magnification, each grid square covers 0.1 x 0.1 n,m. In the 100-square ocular grid, one grid square of 100 x 100 |xm overlies all or parts of about 2.5 alveoli with a mean diameter of about 70 |xm. Each "point" contains a population of cells and/or an anatomic structure large enough to be assigned a descriptive category that defines the histologic state of the tissue within that point. Histologic states were designated as: a. Normal: typically delicate walls of alveolar septae, alveolar ducts and terminal bronchioles without free cells in the alveolar lumen nor excess nuclei in the walls of these structures. b. Type 1: as above but with one or more free cells, usually macrophages or shed epithelial cells, in the lumen. This state occurs at low incidence in lungs of control rats; however, the number of sampling "points" that exhibit the type 1 state increases markedly at 24 and 48 h after exposure to O 3 , so the appearance of free cells in the air spaces of the alveolar zone of the lung is useful as an indicator of the effect of exposure. c. Type 2: represented by increased numbers of nuclei in the walls of alveolar ducts and septae with or without shed epithelial cells or free macrophages in air spaces. d. Type 3: like type 2 but, in addition, the walls of bronchioles, ducts, and alveoli have increased proteinaceous eosinophilic desposits consistent with interstitial accumulation of plasma proteins. Discrete areas of the lung parenchyma contain a confluent area made up of one or more adjacent centriacinar untis that exhibit the type 1, 2, or 3 histologic state. This focus, or area, is surrounded by normal parenchymal stuctures, so that the acute inflammatory response to O 3 appears as a focal lesion.
The acute inflammatory response of rat lung parenchyma to O 3 alone or to O 3 combined with other air pollutants was quantified by dividing the number of "points" recorded as 100 x 100 \im grid divisions that fell over histologic states 1, 2, or 3 in the parenchymal zone of the section by the total number of parenchymal "points" recorded in the first scan at X12.5, adjusted to the same units of area as were represented in the second scan at x100. The quotient represents the percent of the parenchyma of the lung lobe that was occupied by structures exhibiting the histologic states described above. In an earlier study (Mautz et al., 1985b) we found this analysis effective in distinguishing acute ozone treatment effects for the variables exericise, O 3 concentration, and exposure duration.
Nasal epithelial injury was assessed following HCHO exposure experiments by measurement of cell turnover rates using incorporation of tritium-labeled thymidine into DNA of dividing cells. Labeled thymidine was injected intraperitoneally (2 |xCi/g body mass) 24 h post exposure. Rats were killed at 48 h post exposure, and that portion of the head containing the nasal cavity was fixed in formalin and decalcified for three weeks in Tris-buffered EDTA. Sections of nasal cavity were prepared by freehand cutting a 2-3 fjim slice through the hard palate at the level of the incisive papillae perpendicular to the plane of the hard palate and nasal septum. Slices were embedded in glycol methacrylate, sectioned at 2 fxm, dipped in Kodak NTB 2 emulsion, air dried, and stored refrigerated in light-tight boxes for 30 d. Multiple sequential, but not serial, sections were prepared by discarding 50 jxm between sections; the 50-|xm separation between sections eliminated the possibility of counting the same cell population. After photographic development, slides were stained lightly with toluidine blue. Formaldehyde injury is evident in respiratory epithelium of the anterior nasal passages, specifically at the tips of the nasal and maxillary turbinates and lateral wall of level II nasal cavity sections (Chang et al., 1983; Buckley et al., 1984; Morgan et al., 1986a,b) . We observed the most prominent injury in a subdivision of respiratory epithelium characterized by nonciliated or sparsely ciliated cuboidal epithelium-the same locale observed as a focus for development of polypoid adenomas in chronic HCHO exposures of rats (Morgan et al., 1986c) . The percentage of labeled cells was determined by cell counts of sections of this epithelium. No consistent changes occurred in other epithelial zones (gob- let-cell-bearing respiratory epithelia or squamous or olfactory epithelia).
RESULTS
Exposure Atmospheres
O 3 and NO 2 concentrations were controlled at target values with coefficients of variation less than 5%. The HCHO vapor concentrations during exposures were controlled with coefficients of variation less than 12%. Mixtures of O 3 with NO 2 produced HNO 3 vapor; 0.35 ppm O 3 + 0.6 ppm NO 2 at 45% relative humidity formed 49 ± 9 SD |xg/m 3 HNO 3 (0.02 ppm), and mixtures of 0.6 ppm O 3 +2.5 ppm NO 2 at 85% relative humidity formed 1900 ± 620 SD ng/m 3 HNO 3 (0.73 ppm). Mixtures of 0.6 ppm O 3 and 10 ppm HCHO did not produce detectable HCOO-.
Toxicology
There were strong interactions between the oxidant and HCHO gases and exercise versus resting exposure influencing lung parenchymal and nasal epithelial damage. Oxidant exposures inducing significant lung inflammatory responses involved all three histological response states in focal lesions with no clear patterns of differential responses among the histological categories. Consequently a single combined category measure of percent of parenchyma occupied by focal lesions is given. Lung parenchymal lesions induced by exposures to O 3 and NO 2 alone and in combination are shown Table 1 . Single resting exposure to 0.6 ppm O 3 induced a significant inflammatory lesion response, and the combination 0.6 ppm O 3 + 2.5 ppm NO 2 resulted in lesion percentages significantly elevated over those from 0.6 ppm O 3 alone. Exercising exposures to lower concentrations of both O 3 and NO 2 demonstated the synergistic interactive effect between the oxidants. Exposure to 0.6 ppm NO 2 alone did not induce significant inflammatory response. Exposure to 0.35 ppm O 3 induced a response, and exposure to the combination of O 3 and NO 2 resulted in an approximate doubling of inflammatory lesions compared to O 3 exposure alone. The interaction was highly significant (O 3 , NO 2 interaction p < 0.0005, ANOVA). A comparison of rest versus exercise exposure to 0.6 ppm O 3 in combination with 2.5 ppm NO 2 showed a significant increase in parenchymal lesions for the exercise group. Resting exposure to the higher concentrations of experiment 3 gave a lesion response similar to exercise exposure to the lower concentrations (experiment 2), and exercising exposure to the higher concentrations elevated lesions by a factor of 3 over resting exposure.
Formaldehyde inhalation had no discernible effect on lung parenchyma, but there was a strong interaction between HCHO and O 3 in a combination exposure (Table 2) . Parenchymal inflammation following exercising or resting exposures to HCHO alone did not differ from clean air control. While a resting exposure to 0.6 ppm O 3 gave a strong lesion response, 0.6 ppm O 3 in combination with 10 ppm HCHO did not differ from the clean air control. When the exposure to the combination was performed during exercise, however, a severe lung lesion response was induced.
The direct effects of HCHO exposure were apparent in cell turnover indices in nasal respiratory epithelium (Table 3 ). The response following exposure to 0.6 ppm O 3 alone at rest did not differ from that of the clean air control, but exposure to HCHO alone or in combination Focal lung lesions (%±SE of parenchyma) 2.25 ± 0.44* 2.28 ± 0.37" 2.58 ± 0.25* 8.93 ± 0.89 c 3.16 ± 0.28* 3.45 ± 0.40* 35.18 ± 2.89" "Relative humidity was 85% Exercise level was 15 m/min at 20% grade.
-'Treatment groups with different superscripts were significantly different (ANOVA and Tukey multiple comparisons, p < 0.05). with O 3 induced a significant cell turnover response. Exercise exposure to the combination produced a response that was significantly elevated above that seen for resting exposure, and the presence of 0.6 ppm O 3 in combination with HCHO significantly elevated cell turnover as compared to HCHO alone in exercise-exposed rats.
DISCUSSION
Exercise poses an important challenge to respiratory defenses against the toxic effects of air pollutants. This study has demonstrated that exercise exposure can greatly modify the interactive toxic effects of combined air pollutants on respiratory tract tissues. While human pulmonary function studies have not found evidence for strong interactions between the oxidants O 3 and NO 2 (Hackney et al., 1975; Folinsbee et al., 1981; Kagawa, 1983) , synergistic and additive interactions have been demonstrated at the biochemical level and in resistance to bacterial infection in animal studies (Ehrlich et al., 1977; Watanabe et al., 1980; Mustafa et al., 1984; Graham et al., 1987) . In the present study, synergism was demonstrated at the tissue level as lung parenchymal inflammatory lesions. The effect of exercise exposure was to reveal the toxic interaction at lower exposure concentrations. Early studies of O 3 interactions with NO 2 or with respirable aerosols used O 3 concentrations greater than 0.45 ppm and NO 2 concentrations greater than 4 ppm and employed multiple daily exposures (Watanabe et al., 1980; Last et al., 1983; Mustafa et al., 1984) . A recent study using the bacterial infectivity model (Graham et al., 1987) found significant interactions between O 3 and NO 2 using exposure protocols with superimposed concentration peaks to twice baseline concentrations of 0.5 ppm NO 2 and 0.05 ppm O 3 . No interaction was observed in concentration regimes where exposure to each gas alone failed to have significant effects. Strong interactions were observed in the present study with single exercising exposures to 0.35 ppm O 3 and 0.6 ppm NO 2 (Table 1) . This synergism was observed at an NO 2 concentration that had no detectable effect when tested alone. These levels are in the range of concentrations occurring during urban air pollution episodes (Pitts, 1983) , and under exposure conditions of mild activity for realistic durations.
The basis for the toxic interactions between O 3 and NO 2 may lie in chemical reactions between the oxidants, and in biochemical interactions between the reactants and products at the tissue level. The mixture of O 3 and NO 2 formed significant quantities of HNO 3 vapor, adding another potentially toxic compound to the mixture. Observations that the toxic effects of O 3 are enhanced by the presence of particle acids (Last et al., 1986) suggests that the O 3 -NO 2 synergism could stem from the formation of the acid, HNO 3 . However, reactions between O 3 and NO 2 are expected to form other products in addition to HNO 3 , including N 2 O 5 and nitrate radical (Diggle and Gage, 1955; Mustafa et al., 1984; Pitts, 1983) , and these products could also modify toxicity of the mixture of pollutants. The effects of exercise in enhancing the toxic effects of the mixture may be a consequence of the increased inhalation dose rate associated with increased respiratory ventilation and decreased effectiveness of upper airway scrubbing (Yokoyama and Frank, 1972) .
The inhibitory effect of HCHO on O 3 -induced lung injury in resting exposures to the combination (Table 2 ) was unexpected. We are not aware of chemical properties of HCHO that could act to inhibit the free radical peroxidation effects of O 3 on epithelial tissue, and the high aqueous solubility of HCHO makes it unlikely that substantial quantities could penetrate to the lung and participate in biochemical interactions (Egle, 1972; Heck et al., 1983 ). An alternative mechanism that could explain the antagonistic interaction between these pollutants is based on their irritant effects on respiration. Exposure to the pulmonary irritant O 3 induces a reflex shift in breathing pattern to rapid and shallow respiration (Lee et al., 1979; McDonnell et al., 1983) . Formaldehyde, however, is an upper-airway irritant (Alarie, 1973; Kane and Alarie, 1977) and induces reflex depression of breathing frequency and minute ventilation by up to 30-50% of control in resting exposures of rats and mice to 7-15 ppm HCHO (Chang et al., 1981; Jaeger and Gearhart, 1982) . Such depression of ventilation will reduce the inhaled dose of O 3 in an exposure to the mixture, and a shift in breathing pattern and possible increase in respiratory resistance (Amdur, 1960) , could further affect the distribution of inhaled O 3 in the lungs. It is interesting in this regard that exercise exposure to the combination of O 3 and HCHO appeared to remove the antagonistic effects of HCHO on O 3 and induced massive lung tissue damage. A rat group exposed during exercise to 0.6 ppm O 3 alone was not available for direct comparison in experiment 5; however, this exposure was performed in experiment 3 (Table 1 ) and did not result in greater lung injury than exercise exposure to O 3 + HCHO in experiment 5. The exercise demand for gas exchange may override the irritant inhibitory effects of HCHO on breathing pattern and ventilation. The interactive effects between O 3 and HCHO in the lung may be primarily mediated by physiological responses to the irritant HCHO, rather than to direct chemical interactions in lung tissue.
Acidic compounds, such as HNO 3 vapor, are also upper-airway irritants (Alarie, 1973) , and reflex effects on breathing pattern could play a role in the interaction between O 3 , NO 2 , and associated reaction products. However, enhancement of oxidant effects occurred for the mixtures in both exercise and rest exposures, and this is consistent with a chemical interaction mediating the synergism and exercise increasing the dose rate to the deep lung.
Turnover of cells in nasal respiratory epithelium reflected injury due primarily to HCHO; 0.6 ppm O 3 alone at rest had no significant effect on nasal epithelium (Table 3) . HCHO induced nasal epithelial injury, and there was evidence that the presence of O 3 as a copollutant enhanced the effect of HCHO. Exercise exposure to the combination of HCHO and O 3 resulted in a greater labeling index than exercise exposure to HCHO alone. Whether this interaction is related to chemical interactions between the pollutant gases in the epithelium or to different changes in breathing pattern and dose distribution invoked by irritancy of the pollutants is not clear. Variations in ventilatory responses to HCHO in rats and mice have been implicated as affecting the magnitude of epithelial injury (Chang et al., 1983) . Breathing pattern responses to O 3 exposure are present both at rest and during exercise in dogs and humans (DeLucia and Adams, 1977; Lee et al., 1980) . Establishment of the basis for O 3 and HCHO interactions will require concurrent measurement of breathing pattern to control for possible changes in dose distribution.
This study has shown that the toxic responses of pollutant compounds inhaled in mixtures can be complex. Interactions may be mediated by chemical reactions forming new toxic products, by biochemical interactions of compounds at the tissue level, or by physiological interactions influencing breathing pattern and ventilation. Exposure of people to airborne toxic agents usually involves exposure to multiple compounds in mixtures and frequently occurs under conditions of exercise respiratory ventilation. The toxicity of pollutants is not fully appreciated by tests of single compounds, and identification of the relative importance of modifying factors remains an important topic for investigation.
